Enveloped viruses utilize membrane fusion for entry into, and release from, host cells. For entry, members of the Herpesviridae require at least three envelope glycoproteins: the homotrimeric gB and a heterodimer of gH and gL. The crystal structures of three gH homologues, including pseudorabies virus (PrV) gH, revealed four conserved domains. Domain II contains a planar ␤-sheet ("fence") and a syntaxin-like bundle of three ␣-helices (SLB), similar to those found in eukaryotic fusion proteins, potentially executing an important role in gH function. To test this hypothesis, we introduced targeted mutations into the PrV gH gene, which either disrupt the helices of the SLB by introduction of proline residues or covalently join them by artificial intramolecular disulfide bonds between themselves, to the adjacent fence region, or to domain III. Disruption of either of the three ␣-helices of the SLB (A250P, V275P, V298P) severely affected gH function in in vitro fusion assays and replication of corresponding PrV mutants. Considerable defects in fusion activity of gH, as well as in penetration kinetics and cell-to-cell spread of PrV mutants, were also observed after disulfide linkage of two ␣-helices within the SLB (A284C-S291C) or between SLB and domain III (H251C-L432C), as well as by insertions of additional cysteine pairs linking fence, SLB, and domain III. In vitro fusion activity of mutated gH could be partly restored by reduction of the artificial disulfide bonds. Our results indicate that the structure and flexibility of the SLB are relevant for the function of PrV gH in membrane fusion.
M
embrane fusion, a crucial process in pro-and eukaryotic organisms, occurs, e.g., during cell division, autophagy, endocytosis, and exocytosis. Fusion events are also indispensable for enveloped viruses and are required for entry into host cells, egress, cell-to-cell spread, and syncytium formation. During entry, viral fusion proteins mediate the merger of the viral envelope with the plasma membrane or with endosomes of the target cell. In contrast to many other viruses (e.g., orthomyxo-or rhabdoviruses), which need only one protein for attachment and entry, herpesviruses require several envelope proteins for the subsequent steps of attachment and penetration. Three of these proteins, designated glycoprotein B (gB), gH, and gL, are conserved and considered essential for this process. Additional, less conserved herpesvirus glycoproteins are required for the first steps of attachment to specific host cell receptors (reviewed in references 1, 2, and 3).
Most herpesviruses initially bind to heparan sulfate chains of cell surface proteoglycans. In alphaherpesviruses like pseudorabies virus (PrV, Suid herpesvirus 1), or herpes simplex viruses 1 and 2 (HSV-1/2, Human herpesvirus 1/2), this step is mediated mainly by glycoprotein C (gC). gC is not essential for replication but improves the efficiency of virus entry (4, 5) . In a subsequent step, glycoprotein D (gD) binds to specific cellular receptors like nectin-1 and nectin-2 (6) . HSV-1 gD was further shown to trigger membrane fusion, presumably by interacting with gB and gH (7) . Although gD is usually essential for virus replication, replicationcompetent gD deletion mutants of PrV and Bovine herpesvirus 1 (BoHV-1) that possess compensatory mutations in gB and gH could be isolated in vitro (8, 9) . Moreover, gD is absent in the alphaherpesvirus varicella-zoster virus (VZV; Human herpesvirus 3) and in the other herpesvirus subfamilies.
In contrast, gB is the most conserved envelope glycoprotein of herpesviruses. HSV-1 gB interacts with heparan sulfate and other cellular receptors and may possess an important accessory function during attachment to specific cell types (1) . However, the main role of gB is during membrane fusion. Crystal structures of the HSV-1 and Epstein-Barr virus (EBV, Human herpesvirus 4) gB homologues revealed homotrimers with strong similarities to fusion proteins of other virus families, in particular to vesicular stomatitis virus G protein (10, 11) . Conserved "fusion loops" within gB homologues are essential for fusion activity by interacting with the host cell plasma membrane (10, 12) . This interaction might induce a conformational change of gB that leads to formation of the fusion pore (1) .
Another essential component of the herpesvirus fusion machinery is the heterodimer formed by glycoproteins gH and gL. Although it has long been known that gH/gL is required for herpesvirus penetration (13, 14) , the detailed functions of the two proteins are still unknown. In most cases, the type I integral membrane protein gH has to interact with gL, which lacks a membrane anchor, for correct processing and virion incorporation of both proteins (15, 16) . However, the PrV, Murid herpesvirus 4 (MuHV-4), and Bovine herpesvirus 4 (BoHV-4) gH homologues are integrated into virions also in the absence of gL (17) (18) (19) . Moreover, after serial passage, gL-deleted PrV mutants regained infectivity due to compensatory mutations within the gH gene (20) . The gH/gL homologues of HSV-1 and EBV interact with cellular receptors like integrins, which might be relevant for attachment and/or fusion (21, 22) . In a recent study, HSV-1 gB-expressing cells were exposed to soluble forms of gD and gH/gL, resulting in a low fusion activity (23) . This indicated that gH/gL, as well as gD, may be required only for activation of the fusogenic properties of gB. However, in similar studies, soluble EBV gH/gL was not sufficient to induce gB-mediated fusion, but the complex had to be membrane anchored to support fusion (24) . Besides their role during virus entry, the gH/gL and gB homologues of HSV-1 may also participate in nuclear egress of nascent virions (25) , which, however, does not apply for the PrV homologues (26) .
The recently determined crystal structures of soluble gH/gL heterodimers of HSV-2 (27) and EBV (28) and of a core fragment of PrV gH in complex with a monoclonal antibody (29) revealed no homologies to any known viral fusion protein. Furthermore, the structural analyses demonstrated that a previously identified lipid-interacting and fusogenic peptide sequence (30, 31) is not exposed at the surface of gH. However, despite limited sequence homology, the analyses showed markedly similar domain structures of the three gH homologues. The N-terminal domain I of HSV-2 and that of EBV gH exhibit the lowest homology but are both tightly bound to gL (27, 28) . The construct used for crystallization of the core fragment of PrV gH did not include domain I (29) (Fig. 1A) . The structurally more conserved domain II of all three gH homologues contains a sheet of antiparallel ␤-chains (fence), which separates the gL binding domain I from the downstream gH domains. Furthermore, gH domain II contains a highly conserved bundle of three ␣-helices, as well as an integrin-binding site identified in HSV-2 and EBV gH (27) (28) (29) . Since the arrangement of the three ␣-helices exhibits structural similarities to the N-terminal domain of syntaxin 1A, they were designated "syntaxin-like-bundle" (SLB) (29) (Fig. 1A) . Syntaxins belong to the family of eukaryotic SNARE proteins, which are involved in vesicle fusion processes and, for that purpose, have to undergo conformational changes (32) . This structural similarity attracted our attention to possible conformational changes of the SLB during gH-mediated membrane fusion. Domain III of gH is less conserved but consists of eight consecutive ␣-helices in all analyzed proteins (Fig. 1A) . The membrane-proximal domain IV represents the most highly conserved part of gH, implicating an important role for gH function. Domain IV consists of two fourstranded ␤-sheets, which are connected by an elongated basic polypeptide chain designated the "flap" (29) (Fig. 1A) . It has been speculated that receptor binding of gH might induce a conformational change leading to movement of the flap. This would uncover a patch of hydrophobic amino acid residues, which then might interact with the viral envelope and alter membrane curvature to enable fusion (29) . This hypothesis has been supported by targeted point mutations within domain IV of PrV gH, leading, e.g., to the loss of conserved disulfide bonds required for positioning of the flap or to introduction of artificial disulfide bonds, which should prevent flap movement (33) . In contrast, studies on VZV gH indicated that structural stability rather than flexibility of domain IV might be relevant for function (34) .
In the present study, structure-based mutational analyses were performed in domain II of PrV gH to elucidate its relevance for gH function. By site-directed mutagenesis of the cloned gH gene, spatially adjacent amino acids were changed into cysteines to allow disulfide bond formation, which should immobilize the three ␣-helices and prevent conformational changes within the SLB, or between fence, SLB, and domain III during the fusion process. To exclude that the observed phenotypic effects were caused by alteration of the amino acid sequence per se, the corresponding singlecysteine mutations and double mutations including one cysteine and one serine were also analyzed. Furthermore, proline residues were introduced to disrupt any of the three ␣-helices of the SLB. Expression plasmids containing the mutated gH genes were tested in combination with plasmids encoding gB, gD, and gL by in vitro fusion assays in cotransfected rabbit kidney cells. The influence of the disulfide-reducing agent dithiothreitol (DTT) on the fusogenic activity of gH mutants containing artificial cysteine pairs was also investigated. Furthermore, the altered gH genes were in- serted into the PrV genome by mutagenesis of an infectious bacterial artificial chromosome (BAC) in Escherichia coli. The replication properties of the obtained virus mutants, including growth and penetration kinetics, as well as cell-to-cell spread, were analyzed.
MATERIALS AND METHODS
Viruses and cells. All virus mutants described here were derived from the infectious BAC clone pPrV-⌬gGG ( Fig. 2A) (33) , which had been obtained by insertion of a mini-F plasmid vector, and an expression cassette for enhanced green fluorescent protein (EGFP) at the nonessential gG gene locus of PrV strain Kaplan (PrV-Ka) (35) . Viruses were propagated in RK13 cells or in the gH-and gL-expressing cell line RK13-gH/gL (26) . Cells were grown at 37°C in minimum essential medium (MEM) supplemented with 10% fetal bovine serum (FBS) (Life Technologies).
Mutagenesis of the cloned PrV gH gene. For subsequent insertion into the cloned PrV genome, expression plasmid pcDNA-gH (36) containing the gH gene (UL22) of PrV-Ka had to be modified. To this end, the genomic 311-bp BamHI fragment 16 of PrV-Ka containing the 3=-end of the gH gene was cloned into pUC19 (New England BioLabs). A kanamycin resistance (here referred to as KanR) gene was amplified by PCR (Pfx DNA polymerase; Life Technologies) from pACYC177 (New England BioLabs) using primers KanR-F and KanR-R (Table 1 ). After digestion with EcoRI and BamHI, the PCR product was inserted into a unique BsmFI site downstream of the polyadenylation signal (A ϩ ) of the gH mRNA, resulting in plasmids pUC-B16KA and pUC-B16KB (Fig. 2B) . After double digestion of pcDNA-gH with HindIII and EcoRI followed by religation, a fragment of the resulting plasmid, pcDNA-gHEH (Fig. 2B) , was removed by digestion with BamHI and BclI and replaced by the BamHI insert of pUC-B16KA, resulting in pcDNA-gHK. To obtain the final expression plasmid pcDNA-gHKDE (Fig. 2B) , an artificial DrdI site was introduced (Quick-Change II XL site-directed mutagenesis kit; Agilent Technologies) using primers PGHK-DRDF and PGHK-DRDR (Table 1), and a unique EcoRI site was removed by digestion, Klenow treatment, and religation. Klenow treatment was also applied prior to ligation of noncompatible fragment ends in other cloning experiments.
The site-directed mutagenesis kit and complementary pairs of oligonucleotide primers (Table 1) were further used to introduce point mutations in pcDNA-gHKDE, leading to amino acid substitutions within gH, and to create or delete restriction sites for convenient identification of the desired expression plasmids. The presence of the desired alterations and the absence of unwanted ones was verified by DNA sequencing of the complete gH-coding regions (results not shown).
Generation of gH mutants of PrV. To facilitate the insertion of mutated gH genes into the PrV genome, a new BAC-based gH deletion mutant lacking a major part of UL22 (codons 51 to end) was generated. For that purpose, a 111-bp BamHI fragment of pUC-B16KB (Fig. 2B) containing PrV genome sequences from downstream of the gH gene was inserted into BamHI and BclI doubly digested pcDNA-gHEH (Fig. 2B) . From the obtained plasmid, pcDNA-gHB16B (Fig. 2B ), 1,828 bp was deleted by digestion with ApaI and BamHI and replaced by a 1,258-bp BstBI fragment of pKD13 containing a KanR gene flanked by FLP recombination target (FRT) sites (37) . The insert fragment of the resulting plasmid, pcDNA-⌬gHABKF (Fig. 2B) , was amplified by PCR with the T7 promoter primer (New England BioLabs) and PGH-PSR (33) and used for Redmediated mutagenesis of pPrV-⌬gGG as described previously (33, 38) . The KanR gene was removed from pPrV-⌬gHABKF (Fig. 2C) by FLPmediated recombination after transformation of the bacteria with expression plasmid pCP20 (39) , which enabled the reuse of kanamycin resistance for selection of future recombinants based on pPrV⌬gHABF (Fig. 2C) .
Modified PrV gH genes together with a downstream KanR gene were isolated from agarose gels after DrdI digestion of pcDNA-gHKDE derivates (Fig. 2B ) and used for Red-mediated mutagenesis of pPrV-⌬gHABF. The desired BAC recombinants were selected on LB agar plates, supplemented with chloramphenicol (30 g/ml) and kanamycin (50 g/ml), by incubation at 37°C for 24 h. BAC DNA from overnight liquid cultures of obtained colonies was obtained by alkaline lysis, phenol-chloroform extraction, isopropanol precipitation, and RNase treatment and used for transfection of RK13 or RK13-gH/gL cells (FuGene HD transfection reagent, Promega). Single plaque isolates of virus progenies were further propagated and characterized by restriction analysis and Southern blot hybridization of viral DNA (results not shown), and the presence of the desired mutations was verified by sequencing of the PCR-amplified gH genes.
Western blot analyses. RK13 cells were harvested 28 h after transfection using X-tremeGENE HP transfection reagent (Roche) with gH and, where indicated, gL expression plasmids, or 20 h after infection with wildtype or mutated PrV at a multiplicity of infection (MOI) of 5. Virions were purified from culture supernatants by sucrose gradient centrifugation (18) . Protein samples (5 g virion proteins or lysates of approximately 10 4 cells per lane) were separated by discontinuous sodium dodecyl sulfate (SDS)-10% polyacrylamide gel electrophoresis (SDS-PAGE), transferred to nitrocellulose membranes, and incubated with antibodies as described previously (40) . Monospecific rabbit antisera against PrV gH, gB, and pUL34 (20, 38, 41) were used at a dilution of 1:10,000 (anti-gH) or 1:50,000 (gB and pUL34).
IF analyses. For indirect immunofluorescence (IF) analyses, RK13 cell monolayers were transfected (X-tremeGENE HP transfection reagent; Roche) with gH expression plasmids and fixed 26 h later with 3% paraformaldehyde (PFA) in phosphate-buffered saline (PBS) for 30 min. Optionally, the fixed cells were subsequently permeabilized by incubation with 3% PFA containing 0.2% Triton X-100 for 15 min. After washing with PBS, the cells were incubated with 10% FBS in PBS and with a gHspecific rabbit antiserum (20) (1:100 in PBS with 10% FBS) for 1 h each. Bound antibodies were detected by incubation with rabbit-specific Alexa Fluor 488-conjugated secondary antibodies (Life Technologies) (1:1,000 in PBS) for 30 min. After each step, the cells were washed repeatedly with PBS and analyzed by fluorescence microscopy (Eclipse Ti; Nikon).
In vitro fusion assays. RK13 cells were grown in 12-well plates and cotransfected (X-tremeGene HP transfection reagent; Roche) with equal amounts (200 ng each) of eukaryotic expression plasmids for C-terminally truncated PrV gB (pgB-008) (42), PrV gD (gDgI-CMV) (43), PrV gL (pRc/CMV-gL) (36), native or mutated PrV gH (pcDNA-gHKDE or derivatives), and EGFP (pEGFP-N1; Clontech) to facilitate detection of syncytia. In negative controls, the empty expression vector pcDNA3 (Life Technologies) was used instead of a gH expression plasmid. After 36 h, the cells were fixed with 3% PFA in PBS for 30 min, washed repeatedly with PBS, and analyzed by fluorescence microscopy (Eclipse Ti; Nikon). For each gH expression construct, the areas of 50 randomly selected syncytia containing 3 or more nuclei in random sight fields were measured. If no or only very few syncytia were detectable, areas of single fluorescent cells were added. Mean areas and standard deviations were calculated, and the statistical significance of differences was evaluated by Student's t tests.
In vitro fusion assays under reducing conditions. RK13 cells grown in 12-well plates were cotransfected with expression plasmids for PrV gB-008, gD, gH, gL, and EGFP. After 18 h, the cells were incubated for 5 min at 37°C with medium containing 24 mM DTT, washed, and further incubated in MEM supplemented with 10% FBS. After an additional 48 h, DTT-treated and untreated control cells were fixed with 3% PFA and analyzed as above.
Plaque assays. For determination of virus titers and plaque sizes, RK13 or RK13-gH/gL cell monolayers in 6-well plates were infected with serial dilutions of virus supernatants. After 2 h at 37°C, the inoculum was replaced by semisolid MEM containing 5% FBS and 6 g/liter methylcellulose, and incubation was continued for 48 h at 37°C. The areas of 30 plaques or foci of infected cells per virus mutant were measured by fluorescence microscopy, and mean sizes as well as standard deviations were calculated as percentages of the plaque areas induced by the mutant pPrV- The gH deletion mutants pPrV-⌬gHABKF and pPrV-⌬gHABF, as well as virus revertants expressing wild-type (pPrV-gHK) or mutated gH, were generated by BAC mutagenesis in E. coli (see the text). gHK expressing wild-type gH. Student's t test was used for estimation of the statistical significance of differences.
Replication kinetics. Confluent monolayers of RK13 cells in 24-well plates were infected with the PrV mutants at an MOI of 0.1 and consecutively incubated on ice and at 37°C for 1 h each. Subsequently, the inoculum was removed, nonpenetrated virus was inactivated by low-pH treatment (44) , and fresh medium was added. Immediately thereafter, and after 8, 12, 16, 24, 36, and 48 h at 37°C, the cells were harvested together with the supernatants and lysed by freeze-thawing (Ϫ70°C and 37°C). Progeny virus titers were determined by plaque assays on RK13 cells or RK13-gH/gL cells (proline and quadruple mutants), and mean results from three independent experiments per virus were calculated.
Penetration kinetics. Confluent monolayers of RK13 cells grown in 6-well plates were infected on ice with approximately 500 PFU of the investigated PrV mutants per well. After 1 h, prewarmed medium was added and incubation was continued at 37°C. Before and 5, 10, 20, or 40 min after the temperature shift, nonpenetrated virus was inactivated by acid treatment, and cells were overlaid with semisolid medium. After 48 h at 37°C, the plaques were counted by fluorescence microscopy and compared to the numbers obtained in wells that had not been acid treated. Mean penetration rates from three independent experiments were determined.
RESULTS

Effects of the mutations in gH domain II on protein maturation and localization.
To study the functional relevance of the SLB during membrane fusion, each of the three SLB helices was disrupted by introduction of a single proline residue at position 250, 275, or 298 ( Fig. 1 and Table 2 ). Furthermore, one or two pairs of amino acids in different helices of the SLB and/or in structurally proximal regions of the fence (domain II) or of domain III were replaced by cysteine residues to induce the formation of artificial disulfide bonds that might inhibit structural changes of the SLB during the fusion process ( Fig. 1 ; Table 2 ). The distances of the introduced cysteine residues were calculated to be between 3.19 and 4.46 Å. The corresponding single amino acid mutations and serine-cysteine double mutations were used as controls. To investigate expression and processing of the analyzed gH variants, lysates of RK13 cells transfected with gH expression plasmid pcDNA-gHKDE (Fig. 2B ) or mutagenized derivatives of it were analyzed by Western blotting. These studies revealed wild-typelike expression levels of all gH mutants. However, processing of the proline mutants (A250P, V275P, V298P), of the single cysteine mutant H251C, and of the double mutants A250C-A276C and H251C-L432C, as well as of the quadruple mutants A284C-S291C/A250C-A276C and V174C-A270C/H251C-L432C was apparently impaired, as indicated by a low or even undetectable level of mature, ca. 90-kDa gH (Table 2) . Representative Western blots with selected mutants are shown in Fig. 3A . Although it has been demonstrated that in PrV gL is not essential for maturation and virion incorporation of gH (18), lysates of cells cotransfected with gH and gL expression plasmids were also analyzed (Fig. 3B) . The presence of gL enhanced the processing efficiency of wild-type and mutated gH, but the impaired mutants still exhibited decreased amounts (H251C, A250C-A276C) or no detectable amounts (H251C-L432C) of mature gH. These findings correlated with reduced surface localization of the corresponding gH mutants as observed in IF analyses of nonpermeabilized RK13 cells (Fig. 4 , upper panels; Table 2 ), whereas IF analyses of permeabilized cells confirmed similar expression levels of all gH mutants in the cytoplasm (Fig. 4 , lower panels). Coexpression with gL did not substantially enhance surface localization of wild-type or mutant gH (not shown). However, confocal double-IF investigations revealed that even the gH mutants exhibiting impaired processing and cell surface expression were at least partly transported to the Golgi apparatus (not shown), which is a prerequisite for incorporation into virions.
In vitro fusion activity of mutated gH. Previous studies dem- 
a Properties and functions of the mutated gH proteins and of the corresponding PrV recombinants were roughly assessed (ϩ to ϩϩϩϩ). Ϫ, impaired gH processing, no expression, no in vitro fusion activity, or no detectable productive replication or cell-to-cell spread of virus mutants. Mutations conferring interesting phenotypes (described in the text) are highlighted in boldface. NT, not tested.
FIG 3 Western blot analyses. Lysates of RK13 cells transfected with wild-type
(WT) or mutated gH expression plasmids (A) or cotransfected with gH and gL expression plasmid (B) were separated by SDS-PAGE. Gels were incubated with a gH-specific rabbit antiserum. The signals of immature (gHim) and mature gH are labeled by arrows, and molecular masses of marker proteins are indicated.
onstrated that transient expression of PrV gB and gH/gL induces the formation of syncytia in plasmid-transfected RK13 cells and that fusion efficiency is enhanced by additional expression of gD (36) . Furthermore, it has been shown that C-terminally truncated gB (gB-008) accumulates at the cell surface and exhibits higher in vitro fusion activity than native gB (42) . Therefore, all mutated gH expression plasmids were tested in RK13 cells by cotransfection with plasmids encoding wild-type gD, gL, gB-008, and EGFP for convenient detection and evaluation of transfection efficiencies. A plasmid encoding wild-type gH (pcDNA-pGHKDE) and the empty expression vector pcDNA3 were used as positive and negative controls, respectively. Two days after cotransfection, the numbers of syncytia, the numbers of nuclei (not shown), and the areas of polykaryocytes (Fig. 5) were analyzed. Whereas none of the gH mutants containing an artificial proline in one of the SLB ␣-helices supported cell fusion, most of the single and double cysteine or serine mutations did not impair fusion activity or did so only slightly ( Fig. 5 and Table 2 ). However, the double mutation A250C-A276C moderately affected fusion, and the double mutations H251C-L432C and A284C-S291C led to substantially reduced numbers and sizes of syncytia compared to wild-type gH, as well as to the corresponding single mutations and the serinecysteine double mutations (Fig. 5) , suggesting that gH function was impaired by the formation of the additional disulfide bonds. This was supported by restoration of fusion activity when the cells were briefly exposed to reducing conditions (Fig. 6 ). Although treatment of cells with DTT slightly reduced fusion activity of wild-type gH, it enhanced fusion activity of gH A250C-A276C, gH H251C-L432C, and to an even greater extent, of gH A284C-S291C but had no effect on the negative control (Fig. 6) . As expected, all of the quadruple gH mutants containing one of these cysteine pairs also exhibited severely impaired cell fusion. However, drastic impairment of fusion was also found for a mutant containing two cysteine pairs (V174C-A270C and A252C-A419C), transfection, the cells were fixed with 3% paraformaldehyde (upper panels) and additionally permeabilized with 0.2% Triton X-100 (lower panels). Surfacelocalized and intracellular gH was detected using a monospecific rabbit antiserum and Alexa Fluor 488-conjugated secondary antibodies. 
FIG 5
In vitro fusion assays. RK13 cells were cotransfected with expression plasmids for PrV gB-008, gD, gL, selected gH variants, and EGFP. After 36 h, the areas of induced syncytia were determined by fluorescence microscopy. Mean sizes of 50 syncytia per mutant were calculated, and the percentages of mean wild-type sizes were plotted. Standard deviations (vertical lines) and significant differences from wild-type fusion activity are indicated (*, P Ͻ 0.05; **, P Ͻ 0.01; ***, P Ͻ 0.001).
which were rather inconspicuous when introduced separately ( Fig. 5 and Table 2 ). In contrast, the quadruple gH mutant A284C-S291C/A253C-A269C showed slightly less impaired fusion activity than the double mutant A284C-S291C (Fig. 5) .
Effects of gH mutations on virus replication.
To investigate the influence of the mutations on virus entry into host cells, production of infectious progeny, and direct viral cell-to-cell spread, all mutated gH genes were introduced into the cloned PrV genome by mutagenesis in E. coli. This was facilitated by construction of the new BAC mutant pPrV-⌬gHABF, which lacks almost the complete UL22 open reading frame (ORF) encoding gH (Fig.  2C) , and of a novel transfer plasmid, pcDNA-gHKDE, which allows reinsertion of the gH gene together with a downstream kanamycin resistance gene for selection. As expected, the BAC pPrV-⌬gHABF did not replicate in normal RK13 cells (Fig. 7) , but infectious virus progeny was obtained after transfection of RK13-gH/gL cells (results not shown). After reinsertion of the wild-type gH gene, plaque sizes and maximum titers of the obtained revertant pPrV-gHK on RK13 cells were identical to those of the parental clone pPrV-⌬gGG (Fig. 7) . Thus, integrity of the noncoding, tandem-repeat-containing genome sequences between the polyadenylation site of UL22 and the replication origin ORI L (Fig. 2) is obviously not critical for replication of PrV.
Replication studies of most of the PrV mutants containing cysteine mutations within gH revealed only minor differences to the parental pPrV-⌬gGG and wild-type revertant pPrV-gHK, with maximum final titers of 10 7 to 10 8 PFU/ml on RK13 cells (Fig. 7A) . Remarkably, this also applied to several mutants that exhibited impaired gH processing in plasmid-transfected cells, e.g., pPrV-gH H251C, pPrV-gH H251C-L432C, and pPrV-gH HA250C-A276C. Only the quadruple mutants pPrV-gH V174C-A270C/H251C-L432C and pPrV-gH A284C-S291C/A250C-A276C, as well as the three proline mutants pPrV-gH A250P, pPrV-gH V275P, and pPrV-gH V298P showed significantly reduced virus titers ( Fig. 7A ) and had to be propagated on complementing RK13-gH/gL cells before and after determination of replication in RK13 cells.
However, unlike the deletion mutant pPrV-⌬gHABF, all gH mutants generated in this study exhibited at least limited replication competence in noncomplementing cells. On the other hand, the proline insertions within the SLB were rather unstable and were reproducibly eliminated or compensated by second-site mutations after several passages on RK13 cells (results not shown).
Effects of gH mutations on cell-to-cell spread. The influence of the introduced gH mutations on cell-to-cell spread of PrV in RK13 cells was generally congruent with the effects on cell-cell fusion and productive virus replication. In plaque assays, only single or small foci of GFP-expressing cells were observed 2 days after infection with any of the three proline mutants (Fig. 7B) . The quadruple cysteine mutants pPrV-gH V174C-A270C/H251C-L432C and pPrV-gH A284C-S291C/A250C-A276C also exhibited drastically reduced plaque sizes compared to any of the corresponding single mutants (Fig. 7B) . However, introduction of one of the cysteine pairs present in either of these gH mutants (H251C-L432C or A284C-S291C) also affected cell-to-cell spread of PrV significantly (Fig. 7B) , indicating that the intended disulfide bonds between these residues are responsible for impaired gH function. This was supported by the observation that corresponding serine-cysteine double mutations in PrV-gH H251S-L432C or PrV-gH A284S-S291C did not affect plaque formation on RK13 cells, whereas plaque sizes of PrV-gH H251C-L432C or PrV-gH A284C-S291C were reduced to 18% or 30% of wild-type levels, respectively (Fig. 7B) . Interestingly, the quadruple mutant pPrV-gH A284C-S291C/A253C-A269C exhibited a slightly less pronounced reduction, to 45% of wild-type plaque sizes, indicating that the defect of pPrV-gH A284C-S291C might have been partly compensated by the additionally introduced cysteine pair (Fig. 7B) . Plaque formation of these or any others of the investigated gH mutants on transcomplementing RK13-gH/gL cells was similar to that of wild-type PrV (not shown). Effects of gH mutations on virus entry. The time course and efficiency of virus entry were investigated by penetration studies on RK13 cells (Fig. 8) . These experiments revealed that none of the single cysteine insertions in gH affected virus internalization significantly, and most of the double mutants also showed wild-type-like penetration kinetics. However, entry of double mutants pPrV-gH A250C-A276C, pPrV-gH H251C-L432C, and pPrV-gH A284C-S291C was significantly delayed (Fig. 8) . After 40 min, only 20% of the infectious particles of pPrV-gH H251C-L432C and less than 10% of those of pPrV-gH A284C-S291C were internalized (Fig. 8) , and after 3 h the proportions of acid-resistant input virus were still Ͻ50% (results not shown). In contrast, the double mutants PrV-gH H251S-L432C and PrV-gH A284S-S291C exhibited wild-type-like entry kinetics (Fig. 8) . Penetration of the PrV recombinants containing quadruple cysteine insertions or the single proline mutations was not analyzed since plaque formation of most of these viruses on RK13 cells was severely impaired (Fig. 7B) . Virion incorporation of mutated gH. To investigate the influence of the introduced mutations on gH processing and incorporation into virus particles, virions were purified from supernatants of infected RK13 cells and analyzed by Western blotting ( Fig. 9 ; Table 2 ). Unlike in cells transfected with gH expression plasmids (Fig. 3) , only the mature, Ͼ90-kDa form of gH was detectable in virus particles of either of the investigated gH mutants, and most of them contained wild-type-like amounts of the protein. However, virions of pPrV-gH H251C-L432C contained considerably less gH, and moderately reduced gH incorporation was also observed for the PrV recombinants containing the double cysteine mutation A250C-A276C (Fig. 9 , upper panel; Table 2 ). In contrast, incorporation of gB was not affected (Fig. 9, middle panel) . However, as expected, the amounts of gL, which requires its complex partner gH for virion localization (18) , correlated with those of gH (Fig. 9, lower panel) . The purity of the virion preparations was confirmed by the absence of the primary envelope protein pUL34 (not shown). Reduced gH/gL incorporation into virions matched the decreased penetration kinetics and cell-to-cell spread of gH H251C-L432C and A250C-A276C mutants, as well as impaired processing after transient gH expression (Fig. 3) . However, pPrV-gH A284C-S291C, although exhibiting almost wild-typelike processing and virion incorporation of gH/gL, showed even more pronounced replication defects than the other double-cysteine mutants (Fig. 7B and 8) . Because of the inefficient replication of the PrV gH mutants containing proline or quadruple cysteine insertions in RK13 cells (Fig. 7A) , virion preparations were not attempted.
DISCUSSION
The crystal structures of HSV-2, EBV, and PrV gH have recently been determined and revealed similar domain architectures (27) (28) (29) . In previous work, we analyzed the role of domain IV in function of PrV gH during fusion by site-directed mutagenesis (33) . The present study focuses on domain II, containing a conserved syntaxin-like bundle of ␣-helices, which was suggested to be important for the role of gH during membrane fusion (29) . To test this hypothesis, we introduced targeted mutations into the gH gene of PrV, which should either disrupt the helices of the SLB by engineered proline residues (Fig. 1E) or covalently join the helices to each other, to the adjacent fence region, or to domain III by intramolecular artificial disulfide bridges. To trigger their formation, pairs of cysteine residues were introduced at structurally proximal positions (Fig. 1B to D) . The effects of the expected structural changes in gH or of the loss of flexibility on protein maturation and transport and particularly on function in membrane fusion were investigated using transient expression systems as well as PrV recombinants.
Several of the introduced mutations affected the maturation and transport of transiently expressed gH (Table 2 ). Proteins containing either of the three proline insertions in the SLB but also mutations including a cysteine at position 251 or a cysteine pair at positions 250 and 276 were barely detectable at the surface of transfected cells, and in Western blot analyses incompletely glycosylated gH was predominantly or exclusively found. However, to some extent all mutated proteins were translocated to the Golgi apparatus as demonstrated by colocalization studies (data not shown). As expected, reduced surface expression of mutated gH correlated with impaired in vitro fusion activity. Several of the gH mutations affecting processing and transport in transfected cells also led to reduced gH/gL incorporation into virions of corresponding PrV recombinants (Table 2) . A remarkable exception was the single cysteine mutation H251C, which, unlike double and quadruple mutations including this amino acid substitution, did not detectably reduce the amount of mature gH in purified virus particles. Furthermore, the in vitro fusion activity of gH H251C was much less affected than those of the corresponding double and quadruple mutants, although the glycosylation and transport defects of the transiently expressed proteins appeared to be similar. Similarly, the doubly mutated gH A250C-A276C was barely detectable at the surface of cells transfected with the corresponding expression plasmid but exhibited considerable fusion activity after cotransfection with plasmids encoding gB, gD, and gL. These discrepancies might be explained by contributions of other viral proteins, in particular of the complex partner gL, to processing of PrV gH in infected or cotransfected cells. Although PrV gL is not absolutely required for maturation and virion incorporation of gH (18) , essential roles of gL during these steps have been described for other herpesviruses like HSV-1 (15, 16, 46, 47) and VZV (48) . A beneficial effect of gL coexpression on processing of PrV gH including mutants like gH A250C-A276C was confirmed in the present study (Fig. 3) .
gL has been shown to be closely associated with the N-terminal part of gH (27, 28) , which is separated from the SLB by a ␤-sheet designated "fence" (29) . Therefore, it is unlikely that conformational alterations caused, e.g., by disruption of the SLB ␣-helices by proline insertions or by introduction of artificial disulfide bonds, inhibit interaction with gL. In line with this assumption, our studies revealed that although processing, cell surface localization, and virion incorporation of gH were severely affected by the double mutation H251C-L432C, particles of the corresponding virus mutant still contained the expected amounts of gL. Thus, the correct structure of the SLB per se appears to be relevant for processing, transport, and virion incorporation of gH. Whereas the level of maturation and, consequently, surface exposure of gH is important, it is not the only factor responsible for the fusion activity. This is particularly evident in the comparison between gH H251C and H251C-L432C mutants. Both exhibit maturation defects and strikingly decreased surface localization also when coexpressed with gL, but they demonstrate significantly different fusion activities. On the other hand, the A284C-S291C mutant, which is processed and localized normally, also exhibits strongly reduced fusion activity (Table 2 and Fig. 5 ). In contrast, neither the corresponding single mutation A284C or S291C nor the double mutation A284S-S291C affected fusion activity of gH significantly, indicating that the desired disulfide bond was indeed formed.
Formation of disulfide bonds was confirmed by transient addition of reducing agents to transfected cell cultures, as has been shown for partial restoration of function of the paramyxovirus virus fusion protein engineered to contain an artificial disulfide bond (49) . In a similar approach, we demonstrate that in vitro fusion activity of gH A284C-S291C, but also of gH H251C-L432C and gH A250C-A276C, was partly restored after addition of 24 mM DTT for 5 min. Thus, the function of gH H251C-L432C was apparently affected not only by the processing defect caused by the artificial cysteine in the SLB (H251C) but additionally by an artificial disulfide bond between SLB and domain III (Fig. 1) . The beneficial effects of DTT treatment were somewhat surprising, since native disulfide bonds have been shown to be relevant for conformation and function of gH (29, 33) but also of other components of the viral fusion complex like gB (50) . Possibly, these disulfide bonds were only partially reduced by the brief DTT treatment. Furthermore, the treatment is able to affect only disulfide bonds in proteins already located at the cell surface, which are eventually replaced by newly synthesized proteins.
Except for A284C-S291C and H251C-L432C, the cysteine pairs engineered in the present study had no or only moderate effects on in vitro fusion activity of gH, and therefore, fusion assays under reducing conditions could not be used to determine whether or not the desired artificial disulfide bonds were formed at all. Possibly, structure determination of the disulfide mutants or comparative mass-spectrometric analyses of proteolytically cleaved, reduced, or nonreduced proteins (51, 52) would be able to answer these questions, but suitable protocols remain to be established for PrV gH.
The generation of infectious, recombinant PrV genomes containing mutated gH genes by BAC mutagenesis in E. coli allowed us to demonstrate that none of the single or multiple amino acid substitutions introduced in the present study completely abolished gH function in the viral context. However, the quadruple cysteine mutations of pPrV-gH V174C-A270C/H251C-L432C and pPrV-gH A284C-S291C/A250C-A276C, as well as either of the three proline insertions in the SLB, inhibited cell-to-cell spread almost completely and reduced infectious progeny virus titers on noncomplementing cells more than 1,000-fold compared to similar PrV recombinants expressing wild-type gH (Fig. 7) . The severity of the defects induced by disruption of the ␣-helices of the SLB was emphasized by reversions of the artificial proline residues to other amino acids or by compensatory mutations at adjacent positions, which occurred after limited cell culture passages of the virus recombinants. Until now, the low titers and spontaneous reversions of the proline mutations hindered elucidation of whether the observed phenotype was due to malfunction or inefficient virion incorporation of gH.
Maximum titers of the other PrV recombinants created in this study were similar to those of wild-type virus, and only their plaque sizes exhibited a clear correlation with the observed in vitro fusion activities of the corresponding gH mutants (Fig. 5 and 7B) . Thus, gH double mutations A284C-S291C and H251C-L432C led to inefficient in vitro cell fusion as well as to inefficient cell-to-cell spread of the virus, confirming that the two processes depend on similar mechanisms leading to general or local fusions of adjacent cell membranes (23, (53) (54) (55) . Furthermore, the observed correlation of results demonstrates that use of the C-terminally truncated gB-008 (44) in transient fusion assays reflects the activity of fulllength gB during virus infection.
The role of gH during fusion of viral envelopes with host cell membranes was investigated by analyses of penetration kinetics. In these experiments, the virus recombinants containing artificial disulfide bonds between mutated gH amino acids H251C and L432C or A284C and S291C again exhibited the most pronounced defects, and a less, but still considerably delayed penetration was further observed for the PrV mutant containing gH A250C-A276C, which had been less conspicuous in transient fusion assays (Fig. 5 and 8) . Thus, immobilization of the SLB resulted in a delay in penetration, i.e., virus-cell fusion, without necessarily influencing cell-cell fusion. This could be due to alterations in interaction with gD. PrV gD is required for entry but not for plaque formation (56, 57) , functionally separating the two membrane fusion events. Impaired interactions with gD as demonstrated for HSV-1 (58) may have a more pronounced effect on PrV penetration than on fusion and direct viral cell-cell spread.
Like in the plaque assays, none of the single cysteine mutations of gH affected virus penetration significantly, confirming that artificial disulfides were most likely responsible for the observed phenotypes. As mentioned above, mutations A250C-A276C as well H251C-L432C led to impaired processing and, consequently, inefficient virion incorporation of gH (Table 2 ). Therefore, delayed penetration might be partly due to small amounts of gH in the viral envelopes. However, the artificial disulfide bond between mutated SLB residues 284 and 291 did not severely inhibit virion localization of gH ( Fig. 9 and Table 2 ) but caused the most pronounced penetration defects detected in our present studies. Nevertheless, it remains to be elucidated whether steric arrest of the SLB affects the supposed role of gH as a gB activator (46) or, although not inhibiting complex formation, affects functionally relevant interactions between gH and gL (59) . Remarkably, as indicated by investigation of long-term penetration kinetics (results not shown), penetration of the three PrV recombinants containing artificial disulfides within the SLB of gH or between SLB and domain III (H251C-L432C) was delayed by several hours but not blocked. However, this delay is apparently compensated by the rapid replication of PrV and is not reflected in final titers even at rather low infection, with an MOI of 0.1. In contrast, all gH proline insertion mutants as well as the quadruple cysteine mutant gH V174C-A270C/H251C-L432C show a strong impairment of viral replication, although titers of viral progeny are noticeably higher than in complete absence of gH. Thus, all gH variants retain a certain level of function. Considering also the rather moderate effects of most mutations introduced into the more highly conserved domain IV of PrV gH (33) , it is surprising how robust gH function is maintained even in the face of strategically introduced, as opposed to random, mutations.
In summary, our present work demonstrates the relevance of the syntaxin-like bundle of ␣-helices within domain II for maturation and virion incorporation of gH, as well as directly for gH function in membrane fusion. The efficiency of these processes obviously depends on the integrity of the three helices, as shown by proline insertions, and on a certain degree of flexibility between them, as indicated by the deleterious effects of artificial disulfide bonds linking amino acid residues 250 and 276 or 284 and 291 (Fig. 1B and C) . The effects of an engineered cysteine pair at gH positions 251 and 432 indicate that flexibility between the SLB and the ␣-helical domain III is also required (Fig. 1D) , whereas covalent binding of the SLB to the ␤-sheet of the fence (V174C-A270C) had only minor effects on gH function. However, it has still not been proven that this disulfide bond is indeed formed, which also applies for several phenotypically innocuous mutants containing cysteine pairs within the SLB or between SLB and domain III ( Table 2) . In future studies, we will attempt to clarify this and also address the open question as to whether the supposed structural changes of the SLB of gH during membrane fusion are directly required to bring the involved cellular and viral membranes in close proximity or for interaction with other viral or cellular proteins involved in fusion. However, our data clearly demonstrate the importance of the flexibility and structural integrity of the flap region in domain IV (33) as well as the SLB in domain II (this report) for gH function.
